Chirality control over the formation of Ni(II) complexes with chiral thiophosphorylated thioureas was achieved via breaking the symmetry of nickel coordination geometry by the introduction of the pyridine ligand, while centrosymmetric meso-complexes are formed from racemic ligands in case of square-planar nickel coordination. Centrosymmetric heterochiral arrangement is observed in crystals of ligands themselves through N-H···S hydrogen bonds in intermolecular dimers. Molecular homochirality in tetragonal pyramidal complexes is further transferred to supramolecular homochiral arrangement via key-lock steric interactions.
Introduction
The comparison of intermolecular interactions in the crystals of enantiopure and racemic compounds is of primary importance to address the questions of chiral recognition, interplay between molecular and supramolecular chirality, bioactivity of chiral drugs, self-sorting and finally, the origin of homochirality [1] [2] [3] [4] [5] [6] [7] . Chiral recognition or preferential interactions between the enantiomers of the same chirality is difficult to achieve for conformationally flexible molecules, which possess multiple functional groups able to participate in a variety of molecular interactions. This might include hydrogen bonding, π-stacking, steric interactions, metal coordination, etc. At the same time, multiple possible intermolecular interactions upon certain conditions may provide not only discreet homochiral species, but chiral recognition on different levels: molecular level, formation of homochiral 1D-supramolecular chains, 2D-homochiral nets and finally, chiral resolution of racemic species. The strength and the directionality of molecular interactions leading to stable rigid supramolecular aggregates is the decisive factor for chiral recognition [8] , e.g., the formation of centrosymmetric hydrogen-bonded dimers of chiral carbonic acids is the prevailing supramolecular synthon composed of enantiomers of opposite chirality [9, 10] . This strong interaction prevents the formation of homochiral supramolecular species.
with the working frequency of 399.93 MHz relative to the signals of residual protons of deuterated solvents (CDCl 3 , C 6 D 6 ), 31 P NMR spectra were obtained on an AVANCE-400 (Bruker, Karlsruhe, Germany) instrument with the working frequency of 161.90 MHz relative to the external standard (85% H 3 PO 4 ). IR spectra have been registered using a Tensor 27 Fourier spectrometer (Bruker, Karlsruhe, Germany) in the 400-4000 cm −1 range (optical resolution 4 cm −1 ). The samples were prepared as KBr pellets. The ESI MS measurements were performed using an AmazonX ion trap mass spectrometer (Bruker, Karlsruhe, Germany) in positive mode in the mass range of 70-3000. The capillary voltage was −3500 V, nitrogen drying gas −10 L·min −1 , desolvation temperature −250 • C. The sample was dissolved in MeCN or DMF to a concentration of 10 −6 g·L −1 . Data processing was performed by DataAnalysis 4.0 SP4 software (Bruker, version 4 .0, Karlsruhe, Germany). Optical rotations were determined on a Perkin Elmer (Model 341) polarimeter at 20 • C. Melting points were measured on a BOETIUS melting point microscope.
All chemicals were purchased from Sigma-Aldrich (Moscow, Russia) and used without further purification.
Syntheses

(±)-1-(1,2,3,4-Tetrahydronaphthalen-1-yl)-3-(O,O-diethyl thiophosphoryl)thiourea ((±)-1):
O,O-diethyl thiophosphoryl isothiocyanate (1.9 g; 9 mmol) in acetonitrile (4 mL) was added dropwise to the solution of 1,2,3,4-tetrahydro-1-naphthylamine (1.32 g; 9 mmol) in acetonitrile (8 mL) under stirring. Resulting mixture was stirred at r.t. for 1 day under argon. After that the solvent was evaporated and the obtained viscous oil was recrystallized from the mixture of cyclohexane and ethyl acetate (10:1). The resulting precipitate was filtered off, washed with a small amount of cyclohexane and dried in vacuo to give (±)-1. Yield: 2.5 g (77.8%); m.p. 97-99 • C; IR (KBr): ν (cm −1 ) 3234 (NH), 1541, 1487 (NCS), 1017 (C-O-P), 614 (P=S); 1 Single crystals, suitable for X-ray diffraction analysis, were obtained by slow evaporation of the mother liquor after precipitate filtration.
(R)-1-(1,2,3,4-Tetrahydronaphthalen-1-yl)-3-(O,O-diethyl thiophosphoryl)thiourea ((R)-1):
preparation method is the same as for (±)-1 using (R)-1,2,3,4-tetrahydro-1-naphthylamine as the initial amine. Viscous oil after solvent evaporation was dissolved in the mixture of cyclohexane and hexane (20:1) and kept at 5 • C for one week. The resulting precipitate was filtered off, washed with a small amount of hexane and dried in vacuo to give (R)- Single crystals, suitable for X-ray diffraction analysis, were obtained by slow evaporation of the mother liquor after precipitate filtration.
(S)-1-(1,2,3,4-Tetrahydronaphthalen-1-yl)-3-(O,O-diethyl thiophosphoryl)thiourea ((S)-1):
preparation method is the same as for (±)-1 using (S)-1,2,3,4-tetrahydro-1-naphthylamine as the initial amine. Thiourea (S)-1 was isolated by the same crystallization procedure as for (R)-1. Yield: (meso)-NiL 2 -type Complex ((meso)-2): N-thiophosphorylated thiourea (±)-1 (0.5 g, 1.4 mmol) and potassium hydroxide (0.117 g, 2.1 mmol) were dissolved in methanol (10 mL). The resulting mixture was stirred during 10 min, and after that a solution of Ni(II) chloride hexahydrate (0.199 g, 0.84 mmol) in methanol (5 mL) was added to it. The reaction mixture was stirred at room temperature for a further 24 h. After that, the solvent was evaporated, the resulting solid was dissolved in dichloromethane (50 mL) and extracted by water (2 × 15 mL). The organic layer was separated and dried with anhydrous Na 2 SO 4 . Drying agent was filtered off, and the solvent was evaporated. The resulting solid was dissolved in the mixture of chloroform and hexane (3:5). During 2 weeks of slow evaporation of the mother liquor, crystals were formed, which were filtered off and dried in vacuo to give (meso)-2. Yield: 0.32 g (59.3%); m.p. 186-187 • C; IR (KBr): ν (cm −1 ) 3168 (NH), 1562 (NCS), 1041, 1022 (C-O-P), 627 (P = S); 1 
(R,R)-NiL 2 -type Complex ((R,R)-2):
preparation method is the same as for (meso)-2 using (R)-1 as the initial thiourea. Recrystallization was carried out from the mixture of chloroform and hexane (2:5). During 2 weeks of slow evaporation of the mother liquor, crystals were formed, which were filtered off and dried in vacuo to give (R,R)-2. Yield: 0.28 g (51.9%); m.p. 136-138 (rac)-NiL 2 ·Py-type Complex ((R,R/S,S)-3): Ni(II) acetate tetrahydrate (0.138 g, 0.55 mmol) was dissolved in a mixture of pyridine (0.176 g, 2.2 mmol) and methanol (8 mL, 16 mL, 32 mL). After that, the solution of racemic N-thiophosphorylated thiourea (±)-1 (0.4 g, 1.1 mmol) in methanol (8 mL, 16 mL, 32 mL) was added dropwise, the resulting reaction mixture was shaken and left overnight at room temperature with slow evaporation of the solvent. The next day, a crystalline precipitate was formed. The flask with the reaction mixture was tightly closed and kept at room temperature for another 5 days. Thereafter, the precipitate was filtered off and dried in vacuo to give (R,R/S,S)-3. Yield: 0.37 g (77.8%)-at initial concentration of thiourea (±)-1 in a reaction mixture equal to 0.07 mol/L; 0.28 g (58.8%)-at initial concentration of thiourea (±)-1 in a reaction mixture equal to 0.035 mol/L; 0.22 g (46.2%)-at initial concentration of thiourea (±)-1 in a reaction mixture equal to 0.0175 mol/L. In all cases, the same product was isolated. M.p. 176-178 
X-ray Diffraction Study
Data sets for single crystals were collected on a Bruker AXS Kappa Apex diffractometer (Germany, Karlsruhe) with graphite-monochromated MoKα radiation (λ = 0.71073 Å). The structures were solved by direct methods using APEX3 [13] for data collection, SAINT [14] for data reduction, SHELXS [15] for structure solution, SHELXL [15] for structure refinement by full-matrix least-squares against F 2 , and SADABS [16] for multi-scan absorption correction. Most of the crystals are of poor quality and exhibit positional disorder of the ethoxy-groups, which, for some crystals, was not possible to resolve, due to poor resolution. The corresponding fragments were refined isotropically. The poor quality of the crystals resulted in low accuracy of the geometrical parameters. Crystal (R,R/S,S)-3 contains 5% of acetate ion coordinated to nickel and 95% of pyridine, the evidence for the presence of acetate ion is provided by the presence of two peaks in the vicinity of pyridine and the non-positive definite nitrogen atom of the pyridine moiety. The data collection and refinement parameters are given in Table 1 . CCDC 1961489-1961494 contains the supplementary crystallographic data for this paper (Supplementary Materials). 
Results and Discussion
The racemic and enantiopure thiophosphorylated thioureas 1 were synthesized by the addition reaction of the corresponding 1,2,3,4-tetrahydro-1-naphthylamine with O,O-diethyl thiophosphoryl isothiocyanate (Scheme 1). Square-planar complexes 2 and tetragonal pyramidal complexes 3 were obtained by the reactions of 1 with nickel(II) salts in the presence of potassium hydroxide (Scheme 2) and pyridine (Scheme 3), respectively. The syntheses of complexes 3 were carried out in the excess of pyridine, thus, one could expect pyridine to occupy both axial positions, however, no octahedral complexes were formed. To prove the exclusive formation of homochiral complexes from (±)-1 in the presence of pyridine, the syntheses of (R,R/S,S)-3 were carried out using different initial concentrations of precursors. The same products were obtained independent of concentrations.
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To break the symmetry of the Ni(II) coordination geometry, we have introduced an additional axial pyridine ligand (Scheme 3), which results in the exclusive formation of homochiral tetragonal pyramidal complexes from racemic ligands (Figure 2) . Thus, the symmetry break via introduction of the axial ligand may be widely used to access homochiral complexes on a molecular level. Moreover, for racemic 3, homochirality was achieved on a supramolecular level. In both crystals of racemic 3 and (R,R)-3, supramolecular homochiral chains are formed owing to key-lock steric interactions with pyridine ligands located in the cavity at the base of coordination pyramid of the neighbouring complex. The C-H···Ni contacts in crystals 3 are slightly longer (2.84-2.87 Å) than in 1-phenylethyl-containing complexes [12] . The molecules in a supramolecular chain are related via a translation operation. In racemic 3, the supramolecular chains of opposite chirality interact via weak C-H···S and C-H···π interactions. These types of short contacts are also revealed in other crystals, depending on the conformations of the terminal ethoxy groups, the latter adopt gauche and trans-conformations (Table 2) , with the torsional angles varying in wide limits. To break the symmetry of the Ni(II) coordination geometry, we have introduced an additional axial pyridine ligand (Scheme 3), which results in the exclusive formation of homochiral tetragonal pyramidal complexes from racemic ligands ( Figure 2) . Thus, the symmetry break via introduction of the axial ligand may be widely used to access homochiral complexes on a molecular level. Moreover, for racemic 3, homochirality was achieved on a supramolecular level. In both crystals of racemic 3 and (R,R)-3, supramolecular homochiral chains are formed owing to key-lock steric interactions with pyridine ligands located in the cavity at the base of coordination pyramid of the neighbouring complex. The C-H⋅⋅⋅Ni contacts in crystals 3 are slightly longer (2.84-2.87 Å) than in 1-phenylethyl-containing complexes [12] . The molecules in a supramolecular chain are related via a translation operation. In racemic 3, the supramolecular chains of opposite chirality interact via weak C-H⋅⋅⋅S and C-H⋅⋅⋅π interactions. These types of short contacts are also revealed in other crystals, depending on the conformations of the terminal ethoxy groups, the latter adopt gauche and trans-conformations (Table 2) , with the torsional angles varying in wide limits. To conclude, new chiral thiophosphorylated thioureas were synthesized in racemic and enantiopure form. In racemic crystals, the molecules form nearly planar centrosymmetric dimers via the N−H···S hydrogen bonding. This supramolecular synthon is very stable and is reproduced in enantiopure crystals through pseudocentrosymmetric arrangement of two crystallographically independent molecules. The obtained thioureas exhibit the 1,3-N,S-coordination mode with Ni(II) and form 2:1 complexes. Meso-complexes are formed from racemic ligands with a centrosymmetric square-planar nickel coordination. Breaking the symmetry of nickel coordination geometry by the introduction of axial pyridine ligand results in homochiral complexes from racemic ligands. Molecular homochirality in tetragonal pyramidal complexes is further transferred to supramolecular homochiral arrangement via key−lock steric interactions. Thus, the presented approach allows to control the diastereoselectivity of complex formation without additional chiral auxiliaries. The key−lock homochiral supramolecular interactions show the perspective to obtain 1D-homochiral coordination polymers. Further studies on chirality control beyond the molecular level to achieve 3D supramolecular homochirality are in progress. 
